ABSTRACT: We investigated the olfactory responses of male mosquitoes to kairomones of vertebrate hosts in a dual-port olfactometer. The behavioral responses of unmated and mated male and female mosquitoes from one to ten days old to human odors were compared to the odors of different human hosts. To evaluate the relationship between the age of male mosquitoes and their responses, we performed experiments with males at different ages. Unmated Ae. aegypti males, one to two days old, did not fly upwind to human odor, whereas between three and ten days old they exhibited increased flight activity. The results showed that unmated and mated females were attracted by human odor, but those mated were more attracted by human odor than when unmated. Mated males were, in general, attracted by human odor, while the unmated males were not attracted but showed increased flight activity in the presence of human odor, suggesting swarming behavior. Further studies should be carried out in order to determine the role of human odors on male Ae. aegypti behavior. Journal of Vector Ecology 40 (1): xxx-xxx. 2015.
INTRODUCTION
Kairomones are used by hematophagous insects in order to locate a host. These kairomones can be volatile (e.g., CO 2 and acetone) or nonvolatile (e.g., lactic acid and some fatty acids) (Takken and Knols 2010) , and their detection by female mosquitoes increases their likelihood to locate a blood meal. For this reason, and due to the importance of Aedes aegypti in arbovirus transmission, many human kairomones have already been identified, and their role in attracting insects has been studied (Bernier et al. 2007 , Williams et al. 2006 , Dekker and Cardé 2011 and synthetic kairomones have been used to lure adult Ae. aegypti mosquitoes into BG-Sentinel traps (Azil et al. 2010) . However, the influence of such compounds on male Ae. aegypti behaviors is still unknown.
In most studies that aimed at capturing female Ae. aegypti, the collection of males has also been reported (McIver et al. 1980 , Jaenson 1985 , demonstrating a response of these insects to a trap baited with synthetic vertebrate hosts. However, it was not possible to confirm whether such behavior was related to chemical stimuli or the visual effect of the trap. Behavioral observations in the laboratory showed mating occurs more frequently in the presence of a vertebrate host and elicited increases of flight activity to initiate swarm formation (Cabrera and Jaffé 2007) . Therefore, this study was aimed at evaluating the olfactory responses of male and female Ae. aegypti, both mated and unmated, to kairomones from different human hosts.
MATERIALS AND METHODS

Insects
The Ae. aegypti colony used in these experiments was from the Laboratório de Ecologia Química de Insetos Vetores (LabEQ-UFMG). The insects were maintained at 27 ± 2° C, 70 ± 10% RH and a 12L:12D photoperiod. About 300 eggs were placed in plastic containers with de-chlorinated water, and 5 g of Reptolife ® reptile food was added for larval development. For tests with unmated insects, pupae were separated by sex according to size (Sharma et al. 1972 ) and then placed in plastic pots inside fine screen cages (30x30x30 cm) that were kept in separate rooms. The cages were checked daily and, if insects of the opposite sex were found, these mosquitoes were discarded. The emerging adults were fed a 10% sugar solution. The tests with mated mosquitoes used insects maintained in rearing cages containing both males and females that were reared from the 3 rd day post-adult emergence. Due to the presence of both sexes in the cages as well as the ages of the mosquitoes, we assumed that they copulated.
Olfactometer
Behavioral tests were performed using a dual-port horizontal olfactometer (Geier et al. 1996) . The horizontal airflow was produced by an exhaust fan that collected air from outside the room that was filtered in a charcoal filter. The airflow humidity was increased and controlled by a water bath maintained at approximately 37° C. The temperature and humidity inside the olfactometer was 27±2.1° C and 67±4.5% and the experimental room was maintained at 27±2° C and 70±10% RH. The test mosquitoes were kept in a release cage and allowed to fly upwind in the main tube until they reached the odor source at the choice tube (Figure 1 ). The mosquitoes could fly freely into the main tube and choice box. Further information and description of the olfactometer is found in Geier et al. (1996) .
Behavioral bioassays
About ten mosquitoes per release cage were used per test, with 15 repetitions per treatment. The test mosquitoes were kept in the release cage for a 15 min. acclimatization period, and the test began when the release cage door was opened to allow the mosquitoes to fly upwind in the olfactometer. The stimulus was presented in the olfactometer five s before the start of the test with a horizontal airflow that lasted one min. The behavior response was categorized by the number of mosquitoes found in the different compartments of the olfactometer at the end of the tests (Figure 1 ) (Geier et al. 1996) : (1) inactive: the mosquitoes that did not take off and remained in the release cage; (2) take-off: all insects that flew out from the release cage; (3) attracted: the insects that flew upwind and remained inside the choice tube (hand or control), and (4) active: all insects, flying or resting, outside the release chamber that were not inside the choice tube (Geier and Boeckh 1999) . At the end of the experiments, the percentage of mosquitoes that responded was calculated according to their position in the olfactometer (inactive, take-off, attracted, or active). For that, the number of mosquitoes in each compartment was divided by the total of mosquitoes used in the test (Geier and Boeckh 1999) .
Evaluation of trapping methods
The Ae. aegypti females used in the behavioral tests were captured using an apparatus based on their host-seeking behavior, according to Posey and Schrek (1981) . A ventilation system allowed the odor of a human hand to reach insects in a 30x30x30 cm rearing cage kept within a 50x50x50 cm acrylic selection cage. Therefore, blood-seeking females could actively fly into the catch container. However, male capture using the selection cage was not effective, so a manual suction aspirator was selected to collect males. Both methods were evaluated before the behavioral tests to investigate whether these methods caused damage to the insect body, especially the antennae. The tests were conducted in an olfactometer with ten non-blood-fed Ae. aegypti females between five to ten days of age. Test mosquitoes had no access to sugar 24 h before the experiment and were separated using two methods: (1) manual capturing based on suction, where the insects were individually selected, and (2) the selection cage. Fifteen repetitions were performed using human odor as a stimulus (insertion of a finger directly at the olfactometer in the stimulus release tube), while the control was only purified air. To observe external morphology, 30 insects of both sexes were separated with both methods, anesthetized in a freezer, and observed under a stereomicroscope to determine if their external morphology was damaged (i.e., loss of antennae, legs, or wings).
Responses of different age unmated males to human odor
Groups of approximately ten unmated males of the same age (one to ten days old) were tested. The human odor consisted of a volunteer (28-year-old non-smoking woman) who inserted her fingers into the stimulus release tube, while the control tube was empty and contained only purified air. The stimulus position was reversed at each repetition to avoid tendencies of responses (Geier et al. 1996) .
Responses of unmated and mated males and females to the odor of different human hosts
The assays were performed with groups of ten males per release cage and ten females per release cage, both unmated and mated, between the ages of three and ten days, which were captured manually. Females were tested 24 h before and 24 h after the blood meals. The odors of ten non-smoking human volunteers, five women and five men, were evaluated in an olfactometer Boeckh 1999, Geier et al. 1996) . The volunteers had no contact with cosmetics or perfume 24 h before the tests, and 15 min before the tests their hands were washed with neutral detergent and tap water (Geier and Boeckh 1999) . Tests without any stimuli in both sides of the olfactometer were made with each group of mosquitoes to evaluate if the results were due to chemical stimuli.
Statistical analysis
The number of insects that responded to stimuli was converted into a percentage using the total mosquitoes in each test (mosquitoes that responded/total mosquitoes) and the mean percentages (±s.e.) were then calculated. The data were transformed using an angle transformation (Sokal and Rohlf 1981) for further statistical analysis and analyzed for normality using the Lilliefors test. The Spearman correlation was used to assess the relationship between age and male response. To compare the attractiveness of the stimulus with the control, a t-test for paired samples and the Mann-Whitney test were used for parametric and non-parametric data, respectively. For comparison of different stimuli, ANOVA (followed Tukey test) and Kruskal-Wallis tests were used. The Spearman test was made to verify the correlation between three variables: mosquito sex, host sex, and mosquito mating status. All analyses were performed with the statistical program BioEstat 5.0.
RESULTS
Evaluation of trapping methods
The responses of mosquitoes in the olfactometer were similar for both collection methods. Approximately 60% of mosquitoes were attracted by human odor in the olfactometer (p <0.05, t-test), and the percentage of active mosquitoes was higher than 70% in both cases (Figure 2) . Analysis of their external morphology after capture revealed that the physical integrity of most insects was maintained with the use of the manual catcher. A total of five insects (8.3%) was captured with the selection cage, and two insects (3%) captured with the manual catcher were damaged (one antennae and four legs). We observed no differences between the responses of females using the two methods. Therefore, the manual catcher proved to be as effective as the selection cage with regard to physical integrity and insect responses.
Responses of different aged unmated males to human odor
Only 46% of one-day-old males took off from the release cage, whereas the percentage of activity increased from two to three days old (68.4 and 87%, respectively) ( Figure 3) . We observed that male activity showed an age-dependent response from one to three days old (Spearman coefficient = 1.0, p<0.001), but the responses for older ages were similar throughout (Spearman coefficient = -0.14, p>0.05) (Figure 3) . Although Ae. aegypti males were not attracted to human odor (p<0.05 Mann-Whitney), most insects older than two days old remained active (>60%). Attracted mosquitoes responded in the first seconds after the beginning of the experiment, taking off from the release cage and flying upwind.
Responses of unmated and mated males and females to the odor of different human hosts
During the tests without stimuli, insects were inactive and did not fly out of the release cage. The behavioral responses of both unmated and mated, male and female mosquitoes to human volunteers varied according to the host odor and to the volunteer gender (Spearman = 0.9). In general, the response level of male Ae. aegypti to human odors varied from 20-30% whereas female mosquitoes varied between 30-75%. The male volunteers were more attractive to mosquitoes than the female volunteers for all of the insect groups investigated (p <0.05, Kruskal-Wallis). Assessment of the response to volunteers of the same sex revealed that some human odors are more attractive than others, showing individual variation in attractiveness (p <0.05, Kruskal-Wallis) ( Table 1) . Unmated male mosquitoes were not attracted to human odor but showed greater flight activity than mated males for females and male volunteers (78.2% and 68.2%, respectively). However, mated males were attracted to male odors (p <0.001, Mann-Whitney test) and to two female volunteers (p <0.05, t-test) ( Figure 4A ). The percentage of copulated males mosquitoes with flight activity was 48% and 50% for women and men volunteers, respectively. The behavioral responses of female Ae. aegypti were higher than those of male mosquitoes. Both mated and virgin females showed significant attraction to odors of human volunteers (p <0.05, t-test) . However, the attractiveness of unmated mosquito females to the odor of women volunteers was significantly lower than mated females ( Figure 4B ).
DISCUSSION
The selection cage developed by Posey and Schrek (1981) is based on the host-seeking behavior of mosquitoes to human odor. The mosquitoes are primarily attracted by the odor stimuli of human hands in the container, but male mosquitoes are not captured efficiently. The chemical stimuli are detected by receptor cells present in the olfactory sensillae, which are located on the mouthparts and antennae, so the physical integrity of insects is important for the detection of such stimuli as well as their behavior (Clements 1999) . Our results demonstrated that the manual aspirator did not significantly damage any mosquito body parts and had no influence on their behavioral response. Therefore, the manual aspirator could be used for collecting test male mosquitoes in future studies.
The behavior of Ae. aegypti males to remain close to the vertebrate host is especially interesting, as these insects do not require a blood meal. Many authors have observed this phenomenon and suggest that it is due to the males searching for Age of mosquitoes (days) females for mating (Hartberg 1971 , McIver et al. 1980 , Jaenson 1985 , Clements 1999 , Takken and Knols 2010 . We showed that males under two-days-old were inactive toward human odor, which is probably related to the incomplete development of male genitalia because it is only after 24 h post-emergence that the male is able to copulate (Clements 1999) . Moreover, males and females also need two days after adult emergence to mature their olfactory sensillae for detection of odor volatiles from the host (Davis 1984 , Clements 1999 . Although the male attractiveness in this study was lower than 40%, the responses of unmated mosquitoes older than two days showed that human odor was an important stimulus for triggering upwind flight behavior and can be indicative of the importance of this stimulus to swarming behavior. An interesting behavioral observation in the present study was that after taking off from the release cage, male Ae. aegypti kept flying up and downwind within the olfactometer and only a small percentage was attracted to human odors. Such flight behavioral patterns could not be measured by this olfactometer. Similar behavior of females at the beginning of the flight and attraction to human odor in an olfactometer was also observed by Geier and Boeckh (1999) . We suspect that the increased flight activity is probably related to swarm induction, a distinct response from that of copulated males (Nijhout and Sheffield 1979 , Klowden and Briegel 1994 , Ferguson et al. 2005 ). Cabrera and Jaffé (2007) described the increase of swarming behavior in unmated Ae. aegypti males in the presence of a vertebrate host, showing the importance of the host for flight. Because males do not engage in biting activity, their response is probably different from that shown by attracted females. The olfactometer used in the present study could not measure such up and downwind flight responses of males. Further studies should be conducted in order to discriminate the role of host odors to male Ae. aegypti.
The difference of attractiveness to human odors between women and men volunteers during this study corroborates other reports in the literature for Ae. aegypti and other bloodsucking insects, with men more attractive than women, perhaps due to hormonal differences (Schofield and Sutcliffe 1996, Brady 1997) . Similarly, the difference in attractiveness in the same sex volunteers showed individual variations in attractiveness, probably due to different concentrations and combinations of kairomones used by insects for host location (Geier et al. 1996 , Geier and Boeckh 1999 , Steib et al. 2001 , Dekker et al. 2005 , Smallegange et al. 2005 . Female Ae. aegypti are able to consume a blood meal before mating, but because copulation is an important stimulus for the onset of biting (Clements 1999) , the present results suggest that the attractiveness of mated mosquitoes females was higher than for virgins. The difference in responses of the virgin and copulated males demonstrates a relationship between host search and copulation.
The behavior of male Ae. aegypti observed in the presence of a vertebrate host has been overlooked due to its small role in the transmission of pathogens, and this is the first report to assess the olfactory responses of these mosquitoes to kairomones of vertebrate hosts. However, the importance of males in virus movement should not be overlooked because they participate in venereal transmission (Tu et al. 1998 , Kow et al. 2001 .
